Introduction
Negative emission technologies (NETs) are increasingly considered mandatory for climate change mitigation strategies limiting mean global warming to 1.5 • C as specified in the Paris Agreement (Schleussner et al 2016 , Rockström et al 2017 . The relevance of negative emissions (NE) will even increase if additional carbon balancing has to compensate ongoing emissions resulting from delayed decarbonization action (Luderer et al 2013 , Rockström et al 2016 . Thus, diverse methods for removing carbon from the atmosphere are currently being discussed as part of mitigation portfolios (Smith et al 2016) . Processes relying on the carbon uptake of vegetation, such as bioenergy with carbon capture and storage (BECCS), are among the most promising of these NETs (Smith et al 2016, Burns and Nicholson 2017) .
However, the potential of methods based on dedicated biomass plantations needs to be evaluated in the context of environmental side effects and economic costs along the supply chain (Uludere Aragon et al 2017) . Effects on the local climate may be beneficial or disadvantageous, as elevated transpiration may have a cooling effect, while the impact on soil moisture may offset this response in some regions . Moreover the change in albedo, and correspondingly the local energy budget, depends on the land cover prior to the conversion (Georgescu et al 2011 , Boysen et al 2017 . From a global perspective, the potential of large-scale NE via plantation-based approaches may, however, be rather limited, as they compete with other sustainability goals including food security, respecting planetary boundaries and ecosystem protection (Humpenöder et al 2014 , Boysen et al 2017 , Heck et al 2018 . Furthermore, relevant technologies, i.e. the carbon capture and storage (CCS) process, are not yet ready for the market, or require large-scale decisions and societal consent for the geological storages (Fuss et al 2014, Vaughan and Gough 2016) .
In this study we quantify, from a biogeochemical point of view, the global potential of pyrogenic carbon capture and storage (PyCCS), as an alternative plant-based NET, offering market-ready technologies and additional application options that may lessen pressure on land use and biosphere integrity. Pyrolysis is the thermal treatment of biomass at 350 • C-900 • C in in an oxygen-deficient atmosphere. Three main carbonaceous products are generated during this process, which can be stored subsequently in different ways to produce NE: a solid biochar as soil amendment, a pyrolytic liquid (bio-oil) pumped into depleted fossil oil repositories, and permanent-pyrogas (dominated by the combustible gases CO, H 2 and CH 4 ) that may be transferred as CO 2 to geological storages after combustion. Additionally, PyCCS provides a range of alternative storage options, i.e. sand replacement for building materials (Schmidt 2012, Gupta and Kua 2017) or bioplastics (Kersten and Garcia-Perez 2013) (figure S1 available at stacks.iop.org/ERL/13/044036/mmedia). The production of biochar and subsequent storage in arable soils is particularly worthy of consideration within NE strategies due to its technological adaptability and co-benefits for agricultural productivity Joseph 2015, Woolf et al 2016) . Most outstandingly, application of biochar to arable soils has been shown to improve soil fertility and increase crop yields significantly in many regions (Jeffery et al 2017) .
While research on biochar has been primarily focused on local and regional scales, its global potential to mitigate climate change has not received much attention. Woolf et al (2010) estimated that global net emissions of CO 2 , methane and nitrous oxide could be reduced by up to 1.8 Pg CO 2 -equivalents per year through sustainable biochar-only PyCCS as a countermeasure. Only few, crude estimates of the global NE potential of PyCCS exist that actually consider the feedstock supply from large-scale biomass plantations similar to, for example, the assumptions generally made for BECCS. While Woolf et al (2010) only considered residues and plantations on abandoned land, Matovic (2011) uses a large-scale approach to estimate the biomass globally available for pyrolysis and corresponding sequestration rates by assuming that 10% of the global NPP would be available for biochar production, resulting in 4.8 GtC yr −1 NE.
A more detailed, process-based estimation of the global NE potential of biochar systems is still lacking. Therefore, we applied the LPJmL Dynamic Global Vegetation Model (Bondeau et al 2007 , Schaphoff et al 2013 to calculate the biomass available for pyrolysis and the corresponding NE potential of PyCCS under a set of rules for global land allocation. We use the model to project biomass plantation areas required for reaching the target of a maximum mean global warming of 1.5 • C (assuming mitigation demands of 100, 200 and 300 GtC NE over the period 2020-2100, respectively). Further, we evaluate how inclusion of additional carbon balancing demands affect the pressure on land (represented by +200 and +700 GtC NE). For each scenario of combined NE demands, we examine whether the respective target is achievable through large-scale plantation-based PyCCS, given different constraints on conversion of land for such a purpose. We also analyse how inclusion of bio-oil and CO 2 -CCS in the PyCCS technology as well as a yield increase associated with biochar use might ease pressure on land.
Method

Overall approach
We apply the process-based Dynamic Global Vegetation Model LPJmL to simulate biomass production on dedicated plantations over the time period 2020-2100 and determine the respective land requirements. The latter follows an allocation scheme that minimizes land conversion by primarily selecting 0.5 • grid cells with highest net NE rates outside of agricultural areas and areas of conservational interest (which can be taken into account if required, see below). For each cell, the net NE are simulated accounting for (1) carbon losses due to the land conversion, (2) the initial harvest of biomass at a clearing event before plantation growth, (3) the total harvest from the biomass plantations over the simulation period, and (4) the conversion efficiencies of three technological pathways.
In total, we analyse 54 scenarios characterized by different combinations of mitigation strategies, carbon balancing demands, technological pathways, and land gain from biochar-mediated yield increases (see figure 1 for overview). In each scenario, NE requirements are given by the respective mitigation target and the optional addition of NE demands due to carbon balancing intentions covering cases of failed or delayed Figure 1 . Scenario setup showing the 54 studied combinations of primary NE demands from mitigation strategies, additional NE demands from optional carbon balancing efforts, technological pathways, and land gains from biochar-mediated yield increases. In rows three and four, the first bars describe the following grouped bars. Scenarios that require plantation expansions into areas of conservational interest (see results section) are framed in red.
mitigation. The amount of biomass required for these NE targets, however, depends on the three technological pathways which feature different sequestration efficiencies. Furthermore, we include the option of sparing natural vegetation from conversion to biomass plantations due to biochar-mediated yield increases on cropland (figure 1). Finally, we analyse to what extent technological innovation of the biochar sequestration and the gain in land induced by biochar-mediated soil fertility increases may prevent conversion of areas of conservational interest.
Negative emission targets
We represent a set of NE targets for mitigation and carbon balancing strategies to reflect the diversity of pathways that 'pursue efforts to limit the temperature increase to 1.5 • C above pre-industrial' (UNFCCC 2015). Our set of NE requirements for mitigation is based on assumptions from energyeconomy-environment scenarios consistent with a +1.5 • C temperature limit by 2100 assessed by Rogelj et al (2015) in the REMIND and MESSAGE Integrated Assessment Models (IAMs). The value of 200 GtC approximates their median of cumulative NE at 800 Gt CO 2 (equalling ∼218 GtC), whereas the 100 GtC and 300 GtC values approximately cover the outer bounds of those IAM results (450 and 1000 Gt CO 2 equalling ∼123 and 272 GtC).
In addition to the amount of NE needed to stay below a warming of 1.5 • C within settings of stringent mitigation measures, we account for the option of carbon balancing to compensate for undesired emissions, should single or multiple mitigation actions fail (due to lower efficiency increases, higher energy demands, persistence of the fossil fuel lobby, etc.) (Luderer et al 2013 , Rockström et al 2016 . We consider carbon balancing options that require another 200 or 700 GtC NE on top of the 100, 200 or 300 GtC NE demand from the mitigation scenarios. The balancing of 700 GtC corresponds to the stark difference in median cumulative CO 2 emissions between RCP4.5 scenarios (IPCC 2013) and 1.5 • -consistent scenarios (Rogelj et al 2015) (∼685 GtC [482-951 GtC] ). It represents the case in which mitigation measures besides the expected 100, 200 or 300 GtC NE fail to such a degree that emission rates would rise to RCP4.5 levels-which is likely to result in a 2.4 • C (1.7-3.2 • C) warming by 2100 (IPCC 2013) if not counteracted by additional carbon sequestration. Alternatively, we consider a lower balancing demand of 200 GtC, representing the additional NE requirements needed to balance emissions that would otherwise lead to RCP2.6 concentration levels and a likely warming of 1.6 • C (+/−0.7 • C), close to the difference in median estimates of 175 GtC (IPCC 2013, Rogelj et al 2015) ).
Technological pathways
The efficiency of the transformation of biomass carbon into a sequestered carbon depends on the pyrolysis products used for sequestration-here, represented in three different technological pathways (see table 1 and third row in figure 1 ).
Lower slow-pyrolysis temperatures (HTT, highest treatment temperature) maximizes the biochar yield and leads to lower bio-oil and permanentpyrogas yields. However, higher HTTs lead to more ; potential C-ROI in soils when more plant-derived C is retained (SOC build-up) (Weng et al 2017) None none recalcitrant biochar, resulting in longer mean residence times when applied to soil (Zimmerman et al 2011 . For the purpose of the present study, we selected a standard so-called rotary kiln type slow pyrolysis system with a HTT of 450 • C and no reactive or inert gas injection (Fagernäs et al 2012 , Peters et al 2017 . The selected pyrolysis parameters (table S1) are a reasonable compromise between a rather high biochar yield (55% of the initial biomass carbon) with extended biochar mean residence times in soils (>750 years, (Camps-Arbestain et al 2015, ) at medium bio-oil yields (34% of biomass carbon) and a low permanent-pyrogas yield (21% of biomass carbon) (Neves et al 2011) .
On the basic PyCCS track, we account for only the sequestration of biochar in soil, resulting in an overall efficiency of 47% of the feedstock carbon being captured (figure S2). While 55% of the feedstock carbon is captured in the produced biochar, we account for biomass harvesting, chipping, pre-drying, transport and soil application with a carbon expenditure of 5%. We further apply a 10% carbon loss (based on the initial biomass carbon) for biochar carbon degradation once it is applied to the soil. Based on extended literature reviews we assume that, at hydrogen to carbon ratios (H/C org ) below 0.4 as achieved at 450 • C, a maximum of 10% of the biochar carbon will be emitted to the atmosphere during the first 80 years after soil application .
The advanced PyCCS pathway additionally accounts for the sequestration potential of the liquid bio-oil (figure S3). Pyrolytic bio-oil has comparable properties to fossil crude oil, with a less complex chemistry, but similar environmental toxicity following suitable post-pyrolysis treatment (Zhang et al 2007 , Fermoso et al 2017 , Louwes et al 2017 , Varma and Mondal 2017 . Long term storage (>1000 years) can be achieved by pumping the oil into depleted fossil oil fields. The geological integrity of the sequestration deposits was demonstrated by their ability to hold fossil oil for millions of years without leakage. Moreover, geological sequestered bio-oil could be recovered from the deposits by later generations when atmospheric carbon is eventually balanced; it could then be used for fuel or chemical purposes as done today with fossil oil. We account for carbon leakage during transportation of the bio-oil to the final repository and the millennial underground storage with a 2% loss. This results in a NE efficiency of 77% of the harvested biomass carbon for the advanced PyCCS track.
While the basic and advanced PyCCS are technologically ready for implementation , we investigate an ideal PyCCS technology track including the CO 2 -CCS of the combusted permanent-pyrogases to estimate the maximum sequestration that is theoretically possible (figure S4). As it is a mere theoretical evaluation, the ideal pathway is labelled and interpreted accordingly throughout this analysis. Whereas the energy required for the CO 2 -CCS process would have to be provided by carbon-neutral energy, we still assume a 10% expenditure for the permanent-pyrogas production and subsequent CO 2 -CCS as inevitable. Assuming a leakage rate of 5% over 80 years for the geological CO 2 storage (Kemper 2015, Vaughan and Gough 2016) and a pyrolysis HTT of 500 • C, the ideal PyCCS pathway implies a NE efficiency of 86% (table 1, S1).
Benefit of yield increases
When applied as a soil amendment, biochar does not only contribute to climate change mitigation via NE, but may also substantially increase crop yields as it enhances humus formation, soil fertility and water holding capacity (Liu et al 2013 , Jeffery et al 2017 , Weng et al 2017 . In a meta-analysis of 109 independent studies, Jeffery et al (2017) found on average a 25% increase in crop yields in the tropics and subtropics (latitudes between 35 • N to 35 • S) and no yield increase in temperate latitudes. Our study addresses these biochar-mediated benefits by a simple substitution approach assuming that 20% of the tropical and subtropical cropland becomes available for biomass plantations. The underlying rationale is that a yield increase of 25% enables a constant crop production on 80% of the land. For scenarios including this land gain, the NE target can, thus, be reduced by the amount that is simulated to be accomplished on 20% of the tropical agricultural land.
The model LPJmL
We use the process-based Dynamic Global Vegetation Model LPJmL (version 3.5) to estimate the biomass harvest required as feedstock for pyrolysis for producing the targeted NE for the different scenarios. At daily time steps and a spatial resolution of 0.5 • × 0.5 • , key ecosystem processes such as photosynthesis, carbon allocation, evapotranspiration, plant and soil respiration are simulated in a direct coupling of the carbon and hydrological cycle. Detailed descriptions of vegetation and biogeochemical dynamics in LPJmL can be found in Sitch et al (2003) , Bondeau et al (2007) and Schaphoff et al (2018) , hence only a short summary is provided here. For key processes, detailed model validations have been conducted by Schaphoff et al (2018) .
Vegetation is represented by 9 natural plant functional types (Sitch et al 2003) , 13 crop functional types and managed grasslands for agriculture (Bondeau et al 2007) . Three bioenergy functional types (BFTs) were used to simulate the biomass feedstock for the pyrolysis (Beringer et al 2011 , Heck et al 2016 . The parametrisations of Eucalyptus in tropical climates and poplar and willow in temperate climates for woody BFTs as well as C4 grass on dedicated plantations have been calibrated with field observations by Heck et al (2016) . Woody BFTs are simulated to be harvested in an 8 yr cycle, while the herbaceous BFT is modelled to be mowed once or several times a year (i.e. 85% leaf mass at the annual peak or if aboveground carbon storage >400 g m −2 ). The BFT we assume to be grown in each grid cell is chosen to be the one achieving the highest yield in the respective cell over the time period 2020-2100 that is tested for in preceding model runs.
The model is driven by an ensemble of 19 temperature-stratified sets of climate data (air temperature, precipitation, cloudiness) reaching 1.5 • C of mean global warming above preindustrial in the year 2100 as provided by the pattern-scaling approach of Heinke et al (2013) . Further required inputs are annual atmospheric CO 2 concentrations consistent with these simulations, data on soil texture to drive soil processes as described by Schaphoff et al (2013) based on the Harmonized World Soil Database (FAO et al 2012) , and river flow directions (Vörösmarty et al 2011) for the river routing module (Rost et al 2008) . Grid cell shares of current cropland and grazing land were generated by harmonizing HYDE 3.2 data (Klein Goldewijk et al 2017) with country-specific irrigation efficiencies (Jägermeyr et al 2015) and crop types (Frieler et al 2017) . Preceding the simulations from 2020-2100, we first achieved an equilibrium of soil carbon and distribution of natural vegetation through a 5000 year spin-up without land use during which the climate of the years 1901-1930 is repeated and, subsequently, we introduced the influence of agriculture on the carbon balance with a second spin-up period of 390 years and simulations of the historical land use change until 2015. For the simulations of required biomass plantations in the period from 2020-2100, the land use pattern was held constant at year 2015 state, since it is beyond the scope of this study to account for the balance of agricultural innovations decreasing pressure on land or (oppositely) for population growth and diet changes increasing it. Thus, all present agricultural land (cropland and pasture) is excluded from conversion to biomass plantations (figure 2). Also, wetlands (Kaplan 2007) are spared due to disproportionately high carbon losses that would come along with a conversion (MEA 2005) . On the remaining natural land, we follow a general rule of minimum land conversion and a prioritization procedure based on biodiversity measures. We exclude areas of significant conservational interest based on biodiversity hotspots (Mittermeier et al 2011) , protected areas (IUCN&UNEP-WCMC 2015), intact forest landscapes (Potapov et al 2017) , endangered species (Pimm et al 2014) , and endemism richness (Kier et al 2009) (figure 2, S2 ). As the current situation of global biodiversity is already alarming (Steffen et al 2015) , this definition should be seen as a suggestion for a minimum level of biodiversity protection. Only if the non-cultivated land outside these areas is not sufficient to supply the scenario-specific NE demand, biomass plantations will be implemented in those particularly vulnerable regions to the extent required.
Since large-scale implementation of biomass plantations may have severe biogeochemical and ecological impacts, we developed an algorithm seeking to minimize, in each scenario, the area converted to plantations by prioritizing the grid cells with highest net NE and sequentially including lesser productive areas, until the targeted global NE requirement is reached (100-1000 GtC, see figure 1 ).
For every grid cell, the efficiency regarding the production of NE is calculated as net NE rate (figure S8). The latter accounts for the total carbon sequestration of clearing-related and plantation-based PyCCS as well as the losses of carbon due to the conversion of natural vegetation. In addition to the plantation yields from the BFT shares, the timber harvested at the initial clearing event is thus included as feedstock for PyCCS. The changes in the vegetation, litter and soil pools of the ecosystems are calculated by comparing the carbon stocks of the PyCCS scenarios with a reference simulation without biomass plantations. Besides the efficiencies regarding the net NE, we apply a minimum biomass productivity threshold of 5 tons DM ha −1 to account for economic viability (Hastings et al 2009) . Other suitability indicators, such as terrain slope (Cai et al 2011) were not considered, due to the spatial resolution, but should be included in future analyses.
To test for the sensitivity of our results regarding the assumptions about land availability, reflecting the possibility that not all of the nature conservation criteria will be considered or single aspects will be rated as less important, we exclude the areas of high extinction risk (Pimm et al 2014) -the most extensive of all considered measures-from our priorization scheme. In this alternative setting, the majority of areas indicating high extinction risks is still protected due to other conservational interests mostly regarding intact ecosystems, whereas some widely cultivated regions where biodiversity is substantially threatened by the current agricultural expansion are disregarded.
Results
Our analysis shows that NE required for meeting a global warming target of 1.5 • C above preindustrial level are potentially achievable through plantationbased PyCCS-yet implying extensive land use change. For each scenario combination, we calculated the mean land area required to produce the pyrolysis feedstock for the corresponding NE demand based on climate change simulations from 19 climate models. While the areas chosen for biomass plantations somewhat differ among these simulations (according to the respective spatial distribution of the most productive areas), the total global areal extents are very similar across the scenarios (max. +/− 3%, figure 3 ). Given the basic PyCCS track, vast areas of natural vegetation, i.e. >280 Mha, would have to be cleared for biomass plantations even in the scenario assuming a modest mitigation target of 100 GtC NE over 2020-2100 (table 2, figure 3 ). This is a larger fraction of the terrestrial surface than currently covered by wheat fields (FAO 2017) . Doubling the NE demand to 200 GtC would even result in a projected plantation extent of 776 Mha (the converted area increases disproportionally as the share of lesser productive grid cells (1843) 3111 (1674) 1951 (514) 1863 (426) 1810 (373) 1728 (291) increases; see figure S8 ). Analogously, a total NE supply of 300 GtC would even require biomass plantations on an area of about 1480 Mha, almost equalling the size of current global cropland if only basic PyCCS was applied (table 2, figure 3 ). This scenario would imply a transgression into areas of conservational interest of over 40 Mha (table 2, figures 1, 3) . In scenarios where carbon balancing becomes necessary to still reach the 1.5 • C target, the additional NE demand forces plantations into areas of conservational interest in nearly every scenario considering basic PyCCS (figures 1, 3) . Naturally, the strongest effects are simulated for the NE demand composed of 300 GtC from the mitigation scenario and another 700 GtC from carbon balancing requirements. This NE target of a total 1000 GtC is projected to require conversions of >3200 Mha-an area more than twice the size of current global cropland (figure 3).
However, significantly smaller areas may have to be converted when the bio-oil carbon produced during pyrolysis is additionally sequestered (advanced PyCCS, figure 3 ). For mitigation strategies, the inclusion of bio-oil storage results in less than half the plantation area compared to the basic method (table 2) . Also, in scenarios including carbon balancing, substantial reductions in land requirements (30%-60%) appear possible if the advanced PyCCS technology and geological storages are used. Regarding the lower balancing level (200 GtC), this technological pathway completely spares land of conservation interest (figure 1) . For example, in the scenario adding 200 GtC balancing on top of 200 GtC NE from the mitigation scenario, improving sequestration efficiencies with the advanced pyrolysis technology is simulated to spare ∼240 Mha in areas of conservation interest from conversion, i.e. 30% of the total technologically induced reduction of 797 Mha (difference between land requirements for basic and advanced PyCCS, table 2). However, the higher balancing requirement of 700 GtC would necessitate the advancement of plantations into those vulnerable regions in every scenario (figure 3), while reductions that can potentially be accomplished by the transition from basic to advanced PyCCS technology could still amount to >1/3 of total land (table 2) .
Further reductions of land requirements might be possible with the proposed future technological pathway of ideal PyCCS based on optimal economic conditions (figure 3). In the mitigation scenarios without carbon balancing, additional CO 2 CCS from permanent-pyrogas combustion leads to another 6%-7% of land resources that can be spared from conversion to biomass plantations due to the higher sequestration efficiency (table 2) . For an additional balancing of 200 GtC, this effect may result in another 7%-16% reduction of the land demand, whereas in balancing scenarios of 700 GtC, it shows reductions of only another 4%.
In addition to benefits from technological amendments, reductions of land requirements can potentially be accomplished through biochar-mediated yield increases, here simulated to be 75-360 Mha, depending on NE target and technology. While the assumed 25% yield increase in the (sub)tropics is calculated to release 185 Mha land for potential biomass plantations, the associated NE varies with the applied technology (basic PyCCS, 49 GtC NE; advanced PyCCS including oil storage, additional 29 GtC; ideal technology, an additional 8 GtC). Yet, the higher the demand for biomass is (i.e. in case of low sequestration efficiencies and high NE targets), the lower is the simulated relative benefit from such yield increases. In mitigation-only scenarios, ∼50% of land can be spared due to gains induced by biochar application (mean over mitigation and technology scenarios; range 22%-88%). With the ideal PyCCS pathway, the combination of optimum technological conditions and benefits from biochar-mediated yield increases even suggests that the 100 GtC NE target might be reached with only a minor land conversion of 13 Mha. In contrast, the yield-stimulating effect can compensate only 24% (6%-37%) of the land expansion in scenarios with an additional carbon balancing of 200 GtC and only 5% in case of 700 GtC carbon balancing.
Our estimations of the (minimum) land use change required for supplying specific NE targets depend on the assumption about land available for conversion, here considering protection of vulnerable areas as determined by five different spatial datasets (S2). To test for the sensitivity of our results regarding these assumptions, we developed an alternative setting that excludes the areas of high extinction risk (Pimm et al 2014) from the priorization scheme (2.5). An effect on our simulated plantation areas occurs in both negative and positive directions (table 3, figure 4). Since cells outside the areas of conservational interest are assumed to be converted first and the alternative setting provides additional highly productive cells for this category, 3%-23% less land is needed for supplying relatively low NE demands (100-500 GtC). In contrast, higher NE targets require more land (+2%-11%), because it also releases less productive land for the initial conversion, which is assumed to be utilized before allocating more productive cells within the areas of conservational interest.
Discussion
In this study, the quantitative potential of biomass pyrolysis CCS as a NE technology based on dedicated biomass plantations is evaluated for the first time at a global scale. We found that meeting the target of restricting mean global warming to 1.5 • C through NE based on PyCCS would require conversion of extensive areas, critically endangering biosphere integrity. This pressure may either be significantly reduced by the technological development towards bio-oil storage and systematic application of biochar Table 3 . Area [Mha] of biomass plantations on uncultivated land (mean over 19 climate scenarios) required per negative emission target for each technological pathway (PyCCS) in the altered setting of the nature conservation scheme excluding the areas of high extinction threat. Primary mitigation targets are given in bold with carbon balancing options below. The columns with biochar (BC) land gain are italicised and consider biomass production on 20% of tropical and subtropical cropland which is gained due to biochar-mediated productivity increases. Meeting such extra sequestration demands through PyCCS is expected to violate even the minimum level of biodiversity protection assumed here. Should an additional NE demand of 700 GtC be necessary (on top of 100-300 GtC mitigation demand)-which is the case when decarbonization measures fail to a degree that would lead to RCP4.5 emission levels-biomass plantations might reach an extent that would double or triple the land under cultivation. Analysing such a carbon balancing option is particularly policy-relevant, as the RCP4.5 trajectory is similar to the current 'Intended Nationally Determined Contributions' (INDCs) to the Paris Agreement (UNFCCC 2016). While today's land use change is already considered an increasing risk to Earth system functioning, doubling or even tripling the extent of cultivated land would strongly accelerate this threat (Ostberg et al 2015 , Steffen et al 2015 . The alternative setting of nature conservation shows that moderate shifts in the calculated land requirements may occur due to changed assumptions about land availability. However, trade-offs with environmental targets or food security must be taken into account, as in our example reduced land requirements versus high extinction threats.
As we evaluate the benefits from technological developments and higher sequestration efficiencies to be substantial, these amendments have to be adopted as soon as possible to constrain the increasing pressure on the global biosphere. In contrast to BECCS, for which the technology is currently not mature enough to cope with global NE demands (Vaughan and Gough 2016) , the basic PyCCS method can be implemented immediately (Woolf et al 2016) and the advanced PyCCS method relatively soon after (table 1) . Nevertheless, the inclusion of bio-oil CCS would be an enormous political challenge, as for geological storages, global consent and new economic models to pay for sequestered carbon become necessary.
The additional benefit from applying biochar to increase soil fertility (Jeffery et al 2017) is already achievable with the current state of technology and is thus more likely to be established soon than the geological storage pathways. Accounting for this, NE demands below 100 GtC could even be provided through plantation-based PyCCS at a minimum rate of further land use change. Moreover, yield increases-and, thus, NE potentials on already cultivated land-might even be somewhat higher than estimated by Jeffery et al (2017) , since further progress will be made based on observed positive effects of biochar use (Vaccari et al 2011 , Jones et al 2012 , Genesio et al 2015 or improved biochar post-treatment and mechanistic understanding (Kammann et al 2015 , Hagemann et al 2017 . The same applies for (nutrient enhanced) biochar use in the tropics where increases far above 25% have been reported (Jeffery et al 2017 , Schmidt et al 2017 . Furthermore, new agricultural practices, such as biochar application to the root zone or organic biochar based fertilization, may lead to further significant increases in crop productivity (Schmidt et al 2017) .
The crop yield increase is, however, not the only benefit of biochar. Its production and application implies other substantial co-benefits not studied here (see table 1 ). For example, the biochar-mediated improvement of nutrient and water holding capacities of arable soils does not only cause higher yields, but also influences management intensities, regarding freshwater consumption and fertilization (Basso et al 2013 , Joseph et al 2013 . Moreover, it likely reduces the extent of crop failure with extreme weather events accompanying global warming by creating more resilient soils.
Furthermore, biochar-enriched soils do not only actively mitigate climate change through CDR, but also through the reduction of agricultural non-CO 2 greenhouse gas emissions (Kammann et al 2017) (Wolf et al 2017 , Davidson et al 2018 , mitigating these emissions will be an even greater challenge than initially thought. Accounting for the potential contribution of PyCCS in this regard would significantly increase its overall potential as a comprehensive climate change mitigation strategy.
In addition to these biogeochemical improvements, PyCCS involves social advantages over other biomass-based NETs (Fuss et al 2014) , as they do not necessarily need to be implemented as a largescale industry solution. A large number of test sites are e.g. already today efficient at small scales and are run by small landholders (Schmidt et al 2017) ; thus PyCCS allows implementation and associated income gain at small-scale or even subsistence farming level (Solomon et al 2016) . Furthermore, particularly the advanced PyCCS approach offers economic incentives by material-use pathways (table 1), ranging from building and composite materials (Gupta and Kua 2017), road construction (Raman et al 2015) , chemical industry (Crombie and Masek 2014) to electronics (Gu et al 2015) . Every material-use pathway will serve carbon sequestration, as long as the products are not burnt or otherwise decomposed. Yet, biomass pyrolysis may even provide improvements in other fields of climate change mitigation, as biochar has a high potential to replace expensive and non-renewable conventional catalysts for the production of biofuels (Lee et al 2017) .
In this study, we assessed the NE potential of PyCCS, though an evaluation of the overall climate impact would require additional analysis of shifts in energy and water fluxes due to land conversion or biochar application on cropland. Immediate effects on the regional hydrological cycle can be induced by shifts in evapotranspiration caused by changes in vegetation structure or water holding capacities (Heck et al 2016 . Furthermore, changes in albedo could be caused by darkening the soil due to biochar application (Meyer et al 2012 , Verheijen et al 2013 or by land cover modifications influencing the shortwave radiative forcing and thus the energy budget (Pielke et al 2002 , Boysen et al 2017 .
Further impacts on Earth system functioning may occur due to a large-scale implementation of biomass plantations, but could not be considered quantitatively here. Severe disturbances of the natural water cycle (beyond evaporative losses) could occur if biomass plantations were irrigated. While plantations are simulated to be rainfed in our setup, significant further yield increases can be achieved on otherwise water-limited areas, if biomass plantations were irrigated. However, overall benefits of irrigation are questionable if water availability for other purposes is compromised (Hejazi et al 2015) . Moreover, Heck et al (2018) indicated that supplying a NE target (3.75 GtC yr −1 ) comparable to our 300 GtC NE mitigation target with BECCS of 90% conversion efficiency would lead to further transgression of the planetary boundaries for land-system change, biosphere integrity, and biogeochemical flows alikeindicating possible limitations or environmental side-effects of PyCCS not studied here.
Despite these limitations, our analysis provides the first evaluation of global potentials of plantationbased PyCCS as a NET, also estimating the required land use change while observing biodiversity protection guardrails. Compared to the approach by Woolf et al (2010) using residues and plantations on abandoned land and producing ∼35 GtC net NE, the plantation-based approach modelled in this study is more compatible with other biomass-based NETs. While Matovic (2011) assumes 10% of the global NPP as biomass input for the pyrolysis, we dynamically model the biomass potentials in the process-detailed LPJmL model. His more simplistic approach for the biomass input results in a global NE potential of 4.8 GtC yr −1 including fossil fuel offsets, thus falling between the potentials we calculate for the basic and advanced technological track while respecting areas of conservational interest (3.5 and 6.5 GtC yr −1 , respectively).
Conclusion
This study systematically assessed the potential of PyCCS within different NE pathways consistent with a mean global warming limited to 1.5 • C, as targeted by the Paris Agreement. We demonstrate that only low NE demands as part of a mitigation portfolio of stringent emission reductions are able to fulfil that goal with relatively low additional pressure on the biosphere. The PyCCS approach offers opportunities to substantially reduce impacts by increasing sequestration efficiencies through additional bio-oil storage and the possible gain in land induced by biocharmediated yield increases. However, should additional carbon balancing become a necessity in the absence of effective and rapid mitigation measures, major land areas including regions of high conservational interest would have to be converted with earth systemic side-effects that could only partially be buffered by technically advanced PyCCS systems and agricultural co-benefits of biochar. Thus our results reinforce the need for prompt and consequent decarbonization actions.
